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A general method for directly measuring the low-frequency flux noise (below 10 Hz) in compound
Josephson junction superconducting flux qubits has been used to study a series of 85 devices of
varying design. The variation in flux noise across sets of qubits with identical designs was observed
to be small. However, the levels of flux noise systematically varied between qubit designs with
strong dependence upon qubit wiring length and wiring width. Furthermore, qubits fabricated
above a superconducting ground plane yielded lower noise than qubits without such a layer. These
results support the hypothesis that localized magnetic impurities in the vicinity of the qubit wiring
are a key source of low frequency flux noise in superconducting devices.
Qubits implemented in superconducting integrated cir-
cuits show considerable promise as building blocks of
scalable quantum processors. However, low frequency
noise in superconducting devices places fundamental lim-
itations on their use in quantum information process-
ing [1, 2, 3, 4]. Recent theoretical work has highlighted
several potential sources for low frequency noise. These
include ensembles of two level systems (TLS) that could
be associated with dielectric defects [5, 6, 7], magnetic
impurities in surface oxides on superconducting wiring [8]
and flux noise induced by spin flips at dielectric inter-
faces [9]. Characterizing low frequency noise is an essen-
tial step in understanding its mechanism and in develop-
ing fabrication strategies to minimize its amplitude. Sev-
eral techniques have been exploited to indirectly measure
low frequency noise in superconducting qubits [10, 11].
This article describes a technique for directly measur-
ing low frequency noise in RF-SQUID flux qubits. We
present measurements performed on a series of qubits of
varying wiring lengths and widths and qubits with and
without superconducting shielding layers.
The devices described in this paper were fabricated
on an oxidized Si wafer with a Nb/Al/Al2O3/Nb tri-
layer process. There were two additional wiring layers,
WIRA, and WIRB, above the trilayer (see Fig 1a). All
wiring layers were insulated from each other with layers
of sputtered SiO2 . Eighty-five qubits with a range of ge-
ometries (wiring length, wiring width, and the presence
or absence of shielding planes) were tested. Qubit wiring
lengths ranged from 350 µm to 2.1 mm and wiring widths
ranged from 1.4 µm to 3.5 µm. Moreover, the qubits
were drawn from several wafers to control for variability
in fabrication process conditions.
The compound Josephson junction (CJJ) RF-SQUID
is shown schematically in Fig. 1b and consists of a small
CJJ loop (inductance ∼ 10 pH) and the main qubit loop
(inductances vary from ∼ 80 to ∼ 800 pH). The loops
are externally flux biased with Φcjjx and Φ
q
x, respectively.
The CJJ loop contains two Josephson junctions with crit-
ical current Iqc when connected in parallel. For Lcjj  Lq
FIG. 1: a. Cross-section of the fabrication stack. There
are three Nb metal layers, BASE, WIRA, and WIRB. The
trilayer is grown on the top of the BASE layer. Wiring layers
are insulated from each other with layers of sputtered SiO2.
b. CJJ RF-SQUID qubit schematic.
the Hamiltonian for an isolated device can be approxi-
mately expressed as [12]:
Hrf(Φq, Q) =
1
2Cq
Q2 + U(Φq), (1)
U(Φq) =
(Φq − Φqx)2
2Lq
− EJ cos
[
piΦcjjx
Φ0
]
cos
[
2piΦq
Φ0
]
,
(2)
where Φq is the total flux, Q is the charge stored in the
net capacitance Cq across the junctions, EJ = Φ0Iqc /2pi
and Φ0 = h/2e. The potential energy U(Φq) is monos-
table when β = 2piLqIc cos(piΦcjjx /Φ0)/Φ0 < 1 and clas-
sically bistable, with two counter-circulating persistent
current states (denoted as |0〉 and |1〉) possessing per-
sistent current of magnitude |Ip| = |〈n| Φq/Lq |n〉| for
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2β > 1. Ignoring all but the two lowest energy levels (two
level approximation), one can map an isolated CJJ RF-
SQUID onto a qubit Hamiltonian:
Hq = −12 [σz + ∆σx], (3)
where  = 2|Ip|Φqx is the energy bias, ∆ is the tunneling
energy between |0〉 and |1〉, and σz, σx are Pauli matrices.
For an RF-SQUID qubit both |Ip| and ∆ are functions
of Φcjjx . A DC SQUID, inductively coupled to the qubit
with mutual inductance Mro-q, distinguishes between the
qubit states by measuring the flux generated by the per-
sistent current for Φcjjx = nΦ0 where ∆ ≈ 0.
Our qubit magnetometry technique consists of initial-
izing the qubit at its degeneracy point (Φcjjx = Φ0/2,
Φq = 0), raising the tunnel barrier by applying a 30 µs
linear ramp from Φcjjx = Φ0/2 to Φ
cjj
x = Φ0 to localize
the qubit in |0〉 or |1〉, and then measuring its state with
the DC-SQUID. We repeat this bias and measure cycle
n times, assigning each |0〉 measurement a value 0 and
each |1〉 measurement a value 1. We then average these
n measurements to produce a population measurement
P ∈ [0, 1] which has an uncertainty 1/√4n. In the ab-
sence of flux noise one would expect P = 0.5. However,
in the presence of low frequency flux noise, the popula-
tion measurements will fluctuate about P = 0.5 with an
amplitude that depends on the noise scale. We can thus
use P to directly probe the flux environment experienced
by the qubit as a function of time.
To calibrate the mapping from P to flux noise ampli-
tude we first measured the flux periodicity of the RF-
SQUID. We then assume a phenomenological form for
population versus external flux bias:
P (Φqx, t) =
1
2
[
1 + tanh
(
Φqx + Φn(t)− Φq0
2δ
)]
(4)
where Φn(t) is a time dependent flux noise, Φ
q
0 is the
external flux needed to balance P = 0.5 ( = 0), and δ
captures the breadth of the transition. With sufficient
averaging, we measure a static population distribution
P (Φqx) = 12
[
1 + tanh(Φ
q
x−Φq0
2δ )
]
which allows us to cal-
ibrate Φq0 and δ (see Fig. 2a). Inverting Eq. 4 then
allows one to convert measurements of P to Φn(t).
Figure 2 shows example qubit magnetometry measure-
ments. Each flux measurement is derived from 128 popu-
lation measurements. Time traces were collected for 325
seconds. The white noise level of the resulting PSD is
consistent with the error expected from a binomial dis-
tribution of population measurements. At a fixed tem-
perature this noise level can be reduced by sampling at a
higher frequency. In practice, we are limited to a sample
frequency of 5 kHz by the bandwidth of the control lines
connecting the qubit to the room temperature electron-
ics.
FIG. 2: Flux noise measurements for a typical qubit. a.
Static qubit population P vs. external flux bias. The fit
is shown in red. b. Qubit flux versus time. c. Power spectral
density of flux signal. The fit to Eq. (6) is shown in red and
the white noise level expected from a binomial distribution is
shown in blue.
In addition to the aforementioned white noise, a
typical PSD also shows a 1/f frequency dependence for
f < 10 Hz. To separate the contribution to the PSD from
white noise and 1/f noise, we define the 1/f contribution
as
SΦ(f) = A
(
1 Hz
f
)−α
(5)
and fit the measured PSD from every qubit tested with
the function:
PSD(f) = SΦ(f) + wn, (6)
where A represents the magnitude of the 1/f noise at 1
Hz (Φ20/Hz), α represents the power of the frequency de-
pendence, and wn represents the white noise level. We in-
terpret the 1/f power extracted from the PSD fit as a low
3FIG. 3: Variation of qubit flux noise across 27 identical qubits.
FIG. 4: Qubit noise for different wiring lengths and a shielding
plane under the qubit.
frequency flux noise signal SΦ that biases the qubit [15].
Measurements of the current noise of the room tempera-
ture current sources that provide Φqx reveal that their low
frequency noise is over a factor of 50 below the smallest
measured SΦ. The fit values of α were clustered around
α = 1.00± 0.15.
To investigate the variation in low frequency noise
between qubits of identical design we measured a set
of 27 identical qubits (700µm long, 1.4µm wide). Fig-
ure 3 shows a histogram of the low frequency flux noise
SΦ(1 Hz) for these qubits. We measure a median A =
1.9± 0.3× 10−10Φ20/Hz.
In figure 4 we compare the value of A as a function of
wiring length for qubits that are 1.4 µm wide and have a
shielding plane under the qubit wiring. A fit of the form
SΦ(1 Hz) = A0Lβ , yielded A0 = 1.7± 0.3× 10−10Φ20/Hz
FIG. 5: Qubit noise for different wiring widths, no ground
plane present.
and β = 1.14 ± 0.15. A0 measures the 1/f power scaled
to a length of 350 µm and β measures the scaling with
length. The 1/f power scales approximately linearly with
the wiring length of the qubit. Performing the same
comparison for qubits that are 3.5 µm wide and have
no shielding plane yields A0 = 9.5 ± 0.3 × 10−11Φ20/Hz
and β = 1.1± 0.25.
In figure 5 we compare the 1/f noise as a function
of wiring width in qubits that are 350 µm long and have
no shielding plane. We see a dependence on the 1/f am-
plitude with qubit width. A fit of the results to the form
SΦ(1 Hz) = B0wγ , where B0 measures the 1/f power
scaled to a width of 1µm and γ measures the scaling with
width. The fit yielded B0 = 9.6± 0.5× 10−10Φ20/Hz and
γ = −0.98 ± 0.10. The 1/f power scales approximately
as the inverse of the wiring width of the qubit.
There are clear differences in qubits that are geo-
metrically identical except for the presence or absence of
a ground plane underneath the device. Table I shows a
comparison of the measured noise between such pairs of
qubits. In all cases, qubits with a ground plane under-
neath the device were quieter by 30 to 50%.
Qubit magnetometry on this series of devices has
revealed a clear dependence of the low frequency noise
on geometry. The scaling with wiring length and width
suggests a noise source local to the qubit wiring. For
example, the microscopic model of low frequency noise
described in [8, 13] suggests low frequency noise due to
localized but interacting magnetic moments (the most
likely candidate being defects in Nb2O5 layers on the
qubit wiring) where the power should scale as the ratio of
qubit length to qubit width. For an areal defect density of
σs, the magnitude of the noise in this model is estimated
4TABLE I: Comparison of qubits with and without BASE
shielding
Description Shield
√
SΦ(1 Hz) (µΦ0/
√
Hz)
WIRA, L=2.1 mm, w=3.5 µm Yes 17± 1
WIRA, L=2.1 mm, w=3.5 µm No 25± 4
WIRB, L=2.1 mm, w=1.4 µm Yes 29± 2
WIRB, L=2.1 mm, w=1.4 µm No 34± 4
WIRA, L=1.4 mm, w=3.5 µm Yes 15± 2
WIRA, L=1.4 mm, w=3.5 µm No 21± 2
WIRA, L=1.4 mm, w=1.4 µm Yes 21± 2
WIRA, L=1.4 mm, w=1.4 µm No 27± 2
WIRB, L=1.4 mm, w=1.5 µm Yes 21± 2
WIRB, L=1.4 mm, w=1.5 µm No 27± 3
to be
SΦ ∼ 4
pi
(µ0µB)2σs
L
w
1
f
(7)
for a qubit of length L and width w. For a 350 µm long,
1.4 µm wide qubit and σs = 1016/m2 [8], Eq (7) pre-
dicts SΦ(1 Hz) ∼ 10−10Φ20/Hz which is in rough agree-
ment with the results reported herein. Moreover, the
measured geometrical dependence corroborates the pre-
dicted functional form of this model. However, it should
be noted that this model is only appropriate for a qubit
in free space. The current density in a superconducting
wire in free space is peaked at the edges of the wire [14].
The presence of a shielding plane close to the qubit loop
makes the current distribution more uniform and should
thus decrease the effect of local magnetic impurities [8].
This hypothesis is supported by the clear reduction in
low frequency noise in the presence of a ground plane
under the qubit wiring.
A similar reduction in the low frequency noise should
be observed when the qubits are shielded by a plane
either above or below the qubit wiring. However, di-
rectly comparing qubits with shielding under and over
their wiring reveals a clear difference. The data in Ta-
ble II show that qubits with shielding under their wiring
are systematically quieter than qubits with shielding over
their wiring. This could be due to the increased separa-
tion between qubit wiring and the shielding layer above
the qubit as compared to the separation between the
qubit and the shielding layer below it (see figure 1). In
addition, the current distribution in qubits with shielding
layers is predominantly along the wiring surface closest
to the shielding layer. For qubits with underlying shield-
ing layers, current flow is distributed along the bottom
surface of the qubit wiring. This surface is naturally pro-
tected from subsequent fabrication and ambient condi-
tions and should exhibit fewer impurities. Note also that
shielding under the qubit wiring isolates the qubit from
the Si/SiO2 interface on the substrate. Impurities at this
interface could be responsible for coupling flux into the
TABLE II: Comparison of qubits with shielding above and
below the qubit wiring
Description Shield
√
SΦ(1 Hz) (µΦ0/
√
Hz)
WIRA, L=0.7 mm, w=1.4 µm under 18± 1
WIRA, L=0.7 mm, w=1.4 µm over 21± 1
WIRA, L=2.1 mm, w=1.4 µm under 26± 2
WIRA, L=2.1 mm, w=1.4 µm over 38± 2
WIRA, L=1.4 mm, w=1.4 µm under 21± 2
WIRA, L=1.4 mm, w=1.4 µm over 28± 2
qubit [9].
The magnetometry technique described in this paper
is an effective way of probing low frequency flux noise
in superconducting flux qubits. This technique revealed
that qubits having varying lengths, widths, and shielding
are subject to systematically different levels of noise. The
behavior of the measured flux noise is in agreement with
theoretical microscopic models that postulate that the
source of flux noise is magnetic impurities proximal to the
qubit wiring. However, the measurements do not rule out
local impurities in the dielectric insulating layers. These
measurements suggest that to reduce low frequency noise
in superconducting qubits, the ratio of qubit length to
width should be reduced as much as possible. A shielding
layer close to the qubits and preferably between the qubit
wiring and the Si/SiO2 interface further reduces flux
noise.
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